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It remains a grand challenge to achieve both high activity and durability in Pt electrocatalysts for oxygen
reduction reaction (ORR) in fuel cells. Here we develop a class of Pt highly concave cubic (HCC)
nanocrystals, which are enriched with high-index facets, to enable high ORR activity. The durability of HCC
nanocrystals can be significantly improved via assembly with graphene. Meanwhile, the unique hybrid
structure displays further enhanced specific activity, which is 7-fold greater than the state-of-the-art Pt/C
catalysts. Strikingly, it exhibits impressive performance in terms of half-wave potential (E1/2). The E1/2 of
0.967 V at the Pt loading as low as 46 mg cm22, which stands as 63 mV higher than that of the Pt/C catalysts,
is slightly superior to the record observed for the most active porous Pt-Ni catalyst in literature. This work
paves the way to designing high-performance electrocatalysts by modulating their surface and interface with
loading substrates.

W
ith the increasing needs for clean energy, electrochemical reactions have become indispensable com-
ponents in various energy-conversion systems. Among the reactions, cathodic oxygen reduction
reaction (ORR), O2 1 4H1 1 4e2 R 2H2O, represents a highly important process in proton exchange

membrane fuel cells (PEMFC)1–4. The slow kinetics and high over-potential (300 mV in most cases), which are
two typical characteristics of the ORR reaction, make it necessary to employ catalysts to improve the ORR activity
in a low-temperature PEMFC. Among various parameters, the half-wave potential (E1/2) of polarization currents
is an important one to assess the performance of ORR catalysts. The value of E1/2 indicates the capability of
catalysts in reducing the ORR over-potential. In fact, the design of novel electrocatalysts has become a central
research theme in efforts to increase their E1/2 value. Thus far, a great deal of effort has been directed toward
modifying the structures of conventional platinum (Pt) catalysts, which includes alloying process to formulate Pt-
M nanocatalysts5–12, coating of Pt monolayer on non-Pt nanoparticles to form M@Pt core-shell catalysts13–17,
synthesis of porous Pt-M catalysts18, and development of non-Pt catalysts19–22. This series of investigations
suggests that specific Pt-M alloy catalysts may possess high activities than pure Pt catalysts in the ORR, as the
alloying process enables more versatility in optimizing the structures of catalysts for enhanced electrocatalytic
performance12. Notably, it has been a milestone that porous Pt-Ni alloys exhibit an E1/2 of 0.96 V in the ORR18.
The incorporation of Ni into Pt catalysts has been demonstrated to maneuver their electronic structure and
arrangement of surface atoms, and in turn, enhance their ORR activities12,23.

Despite the progress in various alloys, it is well established that surface structure is a critical parameter to tune
the activities of electrocatalysts in the ORR24,25. Owing to this fact, it represents a major trend of research to
establish the relationship between Pt surface structure and ORR activity. In practice, it would be much more
sophisticated to elucidate the relationship in the case of alloy electrocatalysts, as many factors may interplay in this
complex system. From the perspective of fundamental understanding, it is imperative to perform the investiga-
tion by employing pure Pt nanocrystals as a simpler model system. Ideally, this investigation is expected to enable
the activities of pure Pt catalysts to reach the level comparable to their alloy counterparts with the best perform-
ance, under the circumstance that their surface structures can be well designed. As long as the structure-activity
relationship is established, it can be further implemented in the alloy systems, and in turn, will definitely bring the
performance of alloy catalysts to another higher level.

Previous research has provided some insights into the electrocatalyst design based on surface control. The
investigations, which have been mostly focused on the Pt single-crystal electrodes in a perchloric acid system,
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indicate that the E1/2 of ORR polarization on Pt low-index facets is in
the order of (110) . (111) . (100)23,24. It is worth noting that the
ORR activities can be greatly enhanced on the interlaced (111)-(100)
Pt surfaces at the nanoscale, according to the study using the Pt
model electrodes25. Most likely a synergetic effect between various
facets promotes the overall performance of Pt catalysts: (100) facets
can facilitate the adsorption of molecular oxygen (O2), while the
adsorbed O2 may diffuse onto the neighbored (111) facets for suc-
cessive reactions on which OH species have weaker adsorption25. As
a result, it demonstrates that stepped facets such as (211), (331) and
(311) have higher ORR activities than the low-index facets23,24. Thus
formulating high-index facets represents a powerful tool to enhance
the activities of catalysts made of pure Pt, owing to the unique func-
tion of stepped surface. In the past years, considerable efforts have
been made to synthesize Pt nanocrystals with well-defined surface
facets26–29; however, their ORR activities are still not comparable to
the milestone work in alloy catalysts.

To further improve the performance of pure Pt catalysts, it is
needed to develop a new synthetic system for Pt nanocrystals en-
closed by high-index facets and understand the relationship between
ORR activities and surface stepped structures. Herein, we report a

unique Pt nanostructure with a highly concave cubic (HCC) profile
that is enriched with {311} high-index facets. The nanocrystals are
4.8-fold and 6.0-fold more active for the ORR than the state-of-the-
art Pt/C catalysts in terms of mass-specific and area-specific activ-
ities, respectively. In the assessment of E1/2 value, our nanocrystals
exhibit 0.960 V at a Pt loading weight as low as 46 mg cm22, which is
very comparable to that observed for the most active porous Pt-Ni
catalyst in literature18. In comparison with the Pt-Ni catalyst, the Pt
loading amount in our work is relatively lower. This work clearly
demonstrates that high ORR activities and low material costs can be
both achieved by formulating unique surface structures without the
need of forming alloys. Further investigation shows that the durabil-
ity of electrocatalysts (up to 10000 cycles) can be further improved by
constructing hybrid structures between Pt nanocrystals and gra-
phene, while their high activities are further slightly enhanced.
Graphene is a two-dimensional single-layer carbon material with
high in-plane conductivity and mechanical strength30–35, which has
been demonstrated as a good substrate candidate for improving
catalyst durability36,37. This work provides another strategy for
designing high-performance and low-cost catalysts for the ORR
reaction, in addition to the popularly investigated alloying technique.

Figure 1 | TEM characterizations of Pt HCC nanocrystals. (a), (b), TEM images at different magnifications. (c–g), HRTEM images of a HCC

nanocrystal, focused on each single corner.
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Results
The Pt HCC nanocrystals (Pt HCCs) were synthesized by modifying
the protocol that we have previously developed for the synthesis of
branched nanocrystals38. In the previous protocol, the branched
growth of Pt nanocrystals was mainly maneuvered by oxidative etch-
ing. Here, the strength of oxidative etching is reduced by protecting
the reaction system with a mixed gas of Ar and air at the ratio of 0.8–
1.2. As a result, the product of Pt nanocrystals can be tuned to have a
better-defined shape. Transmission electron microscopy (TEM)
images in Figures 1a and 1b reveal that more than 95% of the nano-
crystals have a highly concave cubic profile. In order to identify the
structure of nanocrystals, we have employed high-resolution TEM
(HRTEM) to characterize the sample. Figures 1c–g show the images
taken from each corner of a HCC nanocrystal, indicating: i) the
center of the nanocrystal is a {100}-oriented cube; ii) the exposed
facets are composed of {111}, {100} and {311}.

The high-index {311} facets on surface may make the nanocrystals
particularly active in electrocatalysis. To investigate their activity in
the ORR reaction, the sample was coated on a glassy carbon (GC)
rotating disk electrode (RDE) after specific cleaning procedures. X-
ray photoelectron spectroscopy (XPS) has confirmed that the sample
is free of contaminants prior to the electrochemical measurements
(see Figure S1). Figure 2a shows cyclic voltammetry (CV) curves of Pt
HCC nanocrystals recorded at room temperature in N2-purged
0.1 M HClO4 solution at a scan rate of 20 mV s21, benchmarked
against the 10-nm commercial Pt/C catalyst (E-TEK, Pt: 40% wt.,
10 nm). The CV curves normalized by electrochemically active areas
(ECAs) exhibit two potential regions: the one between 0.05 and 0.4 V

that can be attributed to the adsorption/desorption processes of
underpotentially deposited hydrogen, and the other beyond 0.6 V
that corresponds to the formation of a layer of adsorbed hydroxyl
species4,12. As a result, the ECA can be calculated by accumulating the
charge in the 0.05–0.4 V region assuming a value of 220 mC cm22 for
the adsorption of a hydrogen monolayer39,40. The ECA values of the
three catalyst samples, which are calculated from raw blank CVs
(Figure S2), are listed in Table S1. The ECA value of the commercial
10-nm Pt/C catalysts (9.12109 cm2) is higher than that of our Pt
HCCs catalysts (7.30408 cm2). Given that the size of Pt HCCs is
,18 nm, this result is well consistent with the general understanding
that the ECA of nanocatalysts becomes larger as the particle size
decreases41–43.

In order to evaluate the electrocatalytic performance of Pt cata-
lysts, ORR measurements were further performed in O2-saturated
0.1 M HClO4 solution using a GC RDE with Pt loading at 46 mg cm22

at room temperature. Figure 2b shows the ORR polarization curves
for the Pt HCC nanocrystals and commercial Pt/C catalysts. The
half-wave potential (E1/2) of Pt HCC nanocrystals has been deter-
mined to be 0.960 V, which is 56 mV higher than that of Pt/C cat-
alysts (see Table 1). This value is very comparable to that observed for
the most active porous Pt-Ni catalyst in literature18; however, the Pt
loading in our case is relatively lower.

The kinetic current can be calculated based on the Koutecky–
Levich equation:

1
i
~

1
ik

z
1
id

ð1Þ

Figure 2 | Comparison of electrochemical activities of Pt HCCs and Pt HCCs-rGO samples with Pt/C. (a), CV curves recorded in N2-saturated 0.1 M

HClO4 solution at a scan rate of 20 mV s21. (b), ORR polarization curves in O2-sataurated 0.1 M HClO4 solution at room temperature. The potential scan

rate was 20 mV s21, and the electrode rotation speed was 1600 rpm. (c), Tafel plots. (d), Mass activity and specific activity at 0.9 V versus RHE.
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where i is the experimentally measured current, id is the diffusion-
limiting current, and ik is the kinetic current. The mass activity and
specific activity can be obtained by normalizing the kinetic currents
with Pt loading and ECA, respectively. As a result, the Tafel plots
have been acquired based on the relationship between the specific
activity and the potentials. Figure 2c shows the Tafel plots of Pt HCC
nanocrystals and Pt/C catalysts revealing their specific activities. The
plots of both catalysts exhibit characteristics that have slopes of about
2120 mV dec21 between 0.83–0.90 V and 260 mV dec21 between
0.90–0.98 V, respectively. At potentials below 0.98 V versus RHE,
the slopes of the curves at a fixed potential are approximately equal,
indicating the same reaction mechanism over the majority of the
potential range. In addition, the Tafel plots reveal that the Pt HCC
nanocrystals have higher kinetic currents than the Pt/C at a given
potential, implying the higher activity of Pt HCCs18,44,45. The ORR
mass activity and specific activity of different catalysts at 0.9 V are
summarized in Figure 2d. It shows that the mass and specific
activities of Pt HCC nanocrystals reach 20.709 A mgPt

21 and
20.874 mA cm22, which are 4.8 times and 6.0 times greater than

those of Pt/C catalysts, respectively. The superior activity of Pt HCCs
sample is better observed in the entire region between 0.83 and
1.05 V (see Figure S3).

More detailed investigations on the ORR properties have been
performed by altering the rotation speed of RDE. Figure S4 shows
the ORR polarization curves at different rotation speeds that were
normalized by the geometrical area of electrodes. The curves display
the diffusion-limiting current region from 0.4 to 0.8 V and the mixed
kinetic-diffusion control region between ,0.8 and ,1.0 V.
According to the Equation (2) below, it is feasible to deduce the
Equation (3) by applying the kinematic viscosity measured by the
Hsueh group (i.e., n 5 0.0087 cm2 s21) and the value of Co*Do2/3 5

7.6 3 10210 mol cm25/3 s22/3 46

id~� 0:62nFAD2=3
O v1=2n{1=6C�O ð2Þ

id~{0:41v1=2 mA:cm{2:s{1=2 ð3Þ

Here, n is the number of transferred electrons in the reaction, F is
the Faraday constant, A is the geometrical area, Do is the diffusion
coefficient, v is the rotation speed, n is the kinematic viscosity of
solution, and Co is the bulk concentration of the reagents in the
solution. As a result, we can make K–L plots for the samples at
0.5 V (see Figure S5). The slopes of plots for Pt HCC nanocrystals
and Pt/C catalysts are 20.450 and 20.466 mA cm22 s21/2, respect-
ively, which agrees well with the theoretical value for the four-elec-
tron transfer process (20.410 mA cm22 s21/2), indicating that the
ORR reaction occurring on both the catalysts is four-electron
transfer46.

Table 1 | Half-wave potentials (E1/2) of the ORR on GC RDEs that
were prepared with the three catalysts

Catalysts Pt/C Pt HCCs Pt HCCs-rGO

E1/2 Initial (V vs. RHE) 0.904 0.960 0.967
E1/2 After 10000 cycles

(V vs. RHE)
0.893 0.943 0.959

Figure 3 | Durability tests of samples by running the ORR reaction for 10000 cycles. (a), commercial Pt/C catalysts. (b), Pt HCCs. (c) Pt HCCs-rGO. (d)

Comparison of all the three samples.

www.nature.com/scientificreports
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In addition to the activity of catalysts, durability is another import-
ant parameter to evaluate their performance in the ORR. In order to
assess their ability to sustain activity, we have performed durability
tests by applying cyclic potential sweeps between 0.60 and 1.05 V
(which causes surface oxidation/reduction cycles of Pt) at a sweep
rate of 50 mV s21 and a rotation speed of 1600 rpm in O2-saturated
0.1 M HClO4 solution at room temperature. After 10000 cycles, the
Pt/C catalysts show significantly reduced diffusion-limiting currents
(see Figure 3a). It indicates that part of catalysts have fallen off from
the RDE, raising the concern that the Pt/C has limited binding to the
electrode. In contrast, Figure 3b shows that the half-wave potential of
Pt HCC nanocrystals remains high after the durability tests, with
only a negative shift of 17 mV in the mixed kinetic-diffusion control
region. This feature should be ascribed to the relatively strong inter-
actions of catalysts with the electrodes. On the other hand, we notice
from the TEM studies that the nanocrystals have slightly formulated
aggregates although their morphologies have been largely main-
tained (see Figure S6a). This series of findings highlights the key
factors to improve the durability of ORR catalysts: i) strong binding
to the electrodes; ii) high resistance to the morphological changes
and aggregations. Given that Pt HCC nanocrystals still exhibit a
17 mV decrease in half-wave potential, it is imperative to develop

an approach to further improving their durability by implementing
an appropriate substrate.

Graphene has been considered as a promising candidate as sub-
strates for Pt catalysts, in terms of improving their performance
regarding the key factors mentioned above. Specifically, graphene
can have several merits accordingly: i) having strong interactions
with a broad range of materials including carbon, and possessing
capability of suppressing aggregation of nanoparticles47–49; ii)
improving resistance of metals to electrochemical degradation by
at least one order of magnitude when formulating hybrid struc-
tures50; iii) high Fermi velocity (vF 5 106 m s21) and high in-plane
conductivity to enable efficient electron transfer between the cata-
lysts and the electrodes30–35. Given the merits of graphene substrates,
we have developed a method for assembling Pt HCC nanocrystals on
reduced graphene oxide (rGO) where graphene oxide (GO) is func-
tionalized with PVP and further reduced by hydrazine hydrate.
Figure 4 shows the TEM characterizations of the as-prepared hybrid
structures. As seen from Figures 4a and 4b, the Pt nanocrystals are
well supported on the rGO substrate, and their highly concave cubic
profile is well maintained. HRTEM images in Figure 4c–g reveal that
the supported Pt nanocrystals are also {100} oriented and enclosed by
some {311} high-index facets. The nature of rGO is further examined

Figure 4 | TEM characterizations of Pt HCCs-rGO hybrid structures. (a), (b), TEM images at different magnifications. (c–g), HRTEM images of a HCC

nanocrystal supported on the rGO substrate, focused on each single corner. The insets show the corresponding Fourier-transformed diffraction patterns.

www.nature.com/scientificreports
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by Raman spectroscopy and X-ray photoelectron spectroscopy
(XPS). The peaks at 1348 and 1585 cm21 in the Raman spectra
(Figure S7) should be ascribed to the D and G bands of graphene,
respectively51,52. The G band represents the graphitic hexagon-pinch
mode, while the D band is related to defects in the curved graphene
sheet. The D/G intensity ratio increases during the transformation
from GO precursor to Pt HCCs-rGO hybrid structure, suggesting a
decrease in the average size of the sp2 domains upon the reduction of
GO53. In the C1s deconvolution XPS spectrum of GO precursor
(Figure S8a), four peaks centered at 284.5, 285.5, 286.7 and
288.0 eV are observed, which can be assigned to C–C, C–OH,
C5O, and O5C–O groups, respectively54. In contrast, the intensities
of all C1s peaks that correspond to the C binding to O significantly
decrease in the spectrum of Pt HCCs-rGO hybrid structure (Figure
S8b), suggesting that most of O-containing functional groups have
been removed from graphene during the reduction process.

The electrochemical properties of Pt HCCs-rGO hybrid structure
have been examined as shown in Figures 2 and S3. At the point that
the current density of the polarization curve is zero, the onset-poten-
tial for ORR is clearly positively shifted in the order of Pt/C , Pt
HCCs , Pt HCCs-rGO, indicating that our Pt HCCs and Pt HCCs-
rGO catalysts (especially Pt HCCs-rGO) have stronger resistance to
oxidation than the commercial Pt/C catalyst4,12,55. The half-wave
potential (E1/2) of the hybrid structure has been determined to be
0.967 V, which is 7 mV further enhanced as compared with the Pt
HCC nanocrystals (see Table 1). The slightly enhanced activity is also
indicated by the Tafel plot of Pt HCCs-rGO sample (see Figure 2c),
which generally displays higher kinetic currents than the Pt HCCs
at a given potential. Specifically, the Pt HCCs-rGO sample exhibits
mass activity of 20.847 A mgPt

21 and specific activity of 21.02 mA
cm22, which are 1.2 times and 1.2 times greater than those of Pt
HCCs, respectively. All the results exclusively demonstrate that the
assembly of Pt HCC nanocrystals with rGO enables higher electro-
catalytic activity, most likely owing to improved binding to electro-
des and superior conductivity. In addition, Figures S4 and S5 suggest
that the ORR on the hybrid structure also follows a four-electron
transfer mechanism, according to the slope of its K–L plot at
20.445 mA cm22 s21/2 46.

Remarkably, the Pt HCCs-rGO hybrid structure exhibits superior
durability. The hybrid structure maintains the half-wave potential
almost unchanged after 10000 cycles (see Figure 3c), showing
improved resistance to performance decay. According to the report
by Adizic et al.56, the commercial Pt/C catalysts exhibit 239 mV shift
for their half-wave potential after durability tests. It implies that the
binding of Pt HCC nanocrystals to graphene is much stronger than
that directly to the carbon in Pt/C. Given the better adhesion to the
GC RDE, the use of graphene should lead to the improvement of
durability in ORR. Figure S6b reveals that there is no significant
change on the structure of Pt HCCs-rGO, and the aggregation
between Pt HCC nanocrystals is largely prevented owing to the ten-
sion of rGO. On the other hand, as shown in Figure S2, the CV
measurements show very minimal ECA loss (6.8%) in contrast to
the Pt/C (19.5%) and Pt HCCs (11.2%). It indicates that most of the
Pt HCC nanocrystals are remained on the electrode without distinct
aggregations after long-term use, which should be responsible for the
durability improvement. The durability comparison of all the three
samples is better resolved in Figure S9. After 10000 cycles, the mass
activity and specific activity of Pt HCCs-rGO are still as high as
20.720 A mgPt

21 and 20.934 mA cm22, respectively, which are
6.3-fold and 6.7-fold higher than those of commercial Pt/C catalysts,
suggesting very high activity and durability for ORR. Overall, the
results clearly demonstrate that both the activity and stability in
ORR can be greatly improved by integrating graphene with Pt
HCCs, as the graphene enhances the conductivity, promotes the
catalyst-electrode adhesion, and suppresses the agglomeration and
the oxidation erosion of nanocatalysts4,12,30–37,47–59.

Discussion
We have developed a modified protocol to synthesize well-defined
nanocrystals with a highly concave cubic profile. The Pt HCC nano-
crystals exhibit excellent activity and durability, in a sharp contrast to
the commercial Pt/C catalysts. Enabled by assembly with rGO, the Pt
HCCs-rGO hybrid structure displays mass activity of 20.847 A
mgPt

21 and specific activity of 21.02 mA cm22, which are 5.7 times
and 7.0 times greater than those of Pt/C, respectively. It is an impress-
ive record that the half-wave potential reaches as high as 0.967 V,
which stands as 63 mV greater than that of Pt/C. This value is slightly
superior to the record obtained in porous Pt-Ni catalysts in 0.1 M
HClO4 solution in literature. It clearly demonstrates that the pure Pt
catalysts may achieve high activity and durability without the need of
formulating alloys. This work is expected to pave the way to invest-
igate the structure-activity relationship using a pure Pt model. It is
anticipated that the findings here will be able to implement in the Pt-
based alloy systems for further performance improvement.

Methods
Synthesis of Pt HCC nanocrystals. In a typical synthesis, 5 mL ethylene glycol (EG,
Aladdin) was hosted in a 25-mL, 3-neck flask (equipped with a reflux condenser and a
Teflon-coated magnetic stirring bar) and heated in air under magnetic stirring at
116uC. Meanwhile, 0.0677 g of H2PtCl6 (Aldrich) and 7.5 mmol of HCl were
dissolved in 3 mL EG; 0.600 g of KBr and 0.0916 g of poly(vinyl pyrrolidone) (PVP,
M.W. < 55,000, Sigma-Aldrich) were dissolved in 3 mL deionized (DI) water at room
temperature. The aqueous stock solution was then quickly injected into the flask,
followed by the addition of EG stock solution. The reaction mixture was heated at
116uC for 24 h, by continuously bubbling a mixed gas of Ar and air at the ratio of
0.8–1.2. The product was collected by centrifugation and washed with acetone once,
ethanol three times and DI water four times to remove most of the EG and excess
PVP.

Assembly of Pt HCCs-rGO hybrid structure. GO was synthesized from natural
graphite flakes (325 mesh, Alfa-Aesar) using a modified Hummers method60. The GO
was exfoliated to form a homogeneous aqueous dispersion (0.25 mg mL21) with
probe sonication (Scientz-IID, China) for 1 h. Subsequently, 100 mg of PVP (M.W.
< 40,000, Sigma-Aldrich) was mixed with 25 mL of the GO dispersion, followed by
magnetic stirring at ambient temperature for 24 h. The resulting dispersion was
added into 20 mL of hydrazine hydrate (85%) and 100 mL of ammonia solution,
which was stirred at 95uC for 1 h. Finally, the stable black dispersion was centrifuged
and washed with acetone once, and then redispersed into 25-mL DI water. The as-
synthesized PVP-functionalized rGO solution was then mixed with 500 mL of Pt
HCC aqueous dispersion (containing 18 mg mL21 Pt) and was stirred at ambient
temperature for another 12 h. The product was collected by centrifugation and
washed with acetone once, ethanol three times and DI water ten times to remove
residual PVP.
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